AD=AD41 436

UNCLASSIFIED

v

FRANK J SEILER RESEARCH LAB UNITED STATES AIR FORCE ==ETC F/6 19/%
HIGH ANGLE OF ATTACK FLIGHT CONTROL USING STOCHASTIC MODEL REFE==ETC (U)
MAY 77 R B ASHER’ D GOEBEL

FJUSRL=TR=77=0010




< fl2e 12

o

I

= i
ol £ b

e

L2 s e




FRANK J. SEILER RESEARCH LABORATORY

SRL-TR-77-0010 MAY 1977

HIGH ANGLE OF ATTACK FLIGHT CONTROL USING
STOCHASTIC MODEL REFERENCE ADAPTIVE CONTROL

D G
' rikannl (0 UO0 DOES EOT V5
il il 3 T.‘l;:'.hjj"«\ $51
: SCIENTIFIC.
B ol
55 .'?' ::: O
ks .,'l& o
ks %:‘ L.I_’ APPROVED FOR PUBLIC RELEASE;
': ? n :__-J DISTRIBUTION UNLIMITED.
“~{ PROJECT 2304
[ i )
- =
=
AIR FORCE SYSTEMS COMMAND ,
UNITED STATES AIR FORCE

PT—




- A

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

{ .

! REPORT DOCUMENTATION PAGE ,,E,,gggbclg,ggggg;;gr*;ow
/G L‘_‘%fﬁ‘ﬁlfjwﬁrﬁ“ 2 ] 2. GOVT ACCESSION NO.] 3. RECIPIENT'S CATALOG NUMBER
A [ SRL-TR-77-0010 | AD-A

4 L‘L‘-f..j.!)!l éu_b!if’ei_,;,, vA . 5. TYPE OF REPORT & PERIOD COVERED
/ ¢ AlIGH ANGLE OF ATTACK FLTGHT CONTROL USING Scientific
—~1 STOCHASTIC MODEL REFERENCE_ADAPTIVE CONTROL) RGOS REFORT WoWRER

TR AT 77T e 8. CONTRACT OR GRANT NUMBER(s)

Robert B. Asher
Dieter/Goebe]

9 PE&"ORM!NG ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT, PROJECT, TASK
. , (AFSC) AREA & WORK UNIT NUMBERS
Frank J. Seiler Research Laboratory
Lie DRS 61102F z
S C P ) ) /
USAF Academy, Colorado 80840 — /L] 2304-F1-54

(1. CONTROLLING OF FICE NAME AND ADDRESS T | 12._REPORT DATE »

Frank J. Seiler Research Laboratory (AFSC) /] |_May #977 -
USAF Academy, Colorado 80840 = {fggﬂﬁ“ FAGES

14 MONITORING AGENCY NAME & ADDRESS(if different from Controlling Oflice) 1S. SECURITY CLASS. (of this report)

=/ {* /' | UNCLASSIFIED
/ r ; ' [1Sa. DECLASSIFICATION/ DOWNGRADING
{ . SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

i lpproved for public release; distribution unlimited.

"' 17. ;;:.‘:;R.au‘flon ér;_A-‘r—iﬁ»'.iEN T /ol tha abstract entered in Block 20, if different from Report)

18 SURPLEMENTARY NOTES

b

¥ 119 TKEY WORDS (Contirn -c y reverse side if necessary and identify by block number)
Model Reference Control

Adaptive Control

High Angle of Attack

E & High Angle of Attack Flight Control

Stochastic Control

h‘rw rs_,x(;? (Continue or rnxjr:f_.v-lzfe !f necessary snd identily by block number)

High angle of attack flight control is of utmost importance to
military aircraft in air combat maneuvering. Flight in this regime has
in recent year< caused many high performance aircraft to be lost due to
departure of the aircraft. The aerodynamics in this regime are highly
nonlinear. The problem is compounded by the fact that the aerodynamics
are not well known. This paper considers the use of adaptive control in
order to perform model following of an*“ideal“ @ircraft in the presence -

TN R e
‘
i

E 5 DD ,700%, 1473  EoiTion OF 1 NOV 65 1S OBSOLETE UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

i >




Lol B il i il

r
|
i
|

4

UNCLAS Li___iwl_i_lg

ELURITY CLASSIFICATION OF THIS PAGE(When Data Entered)

Abstract (cont)

Sof uncertain aerodynamic cvefficients. In particular, the partitionipg
approach of adaptive control is extended to the implicit model following
problem. This is then used to solve the problem of high angle of attack
flight control.

|\

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)




HIGH ANGLE OF ATTACK FLIGHT CONTROL
USING STOCHASTIC MODEL REFERENCE ADAPTIVE CONTROL

by

tRobert B. Asher
Frank J. Seiler Research Laboratory
U.S. Air Force Academy, CO 80840

i and
ttpieter Goebel

t Wissenschaftlicher Direktor
: BAKWVT, Mannheim, FRG

B -
' ; *Research Associate, Applied Mathematics Division

**Visiting Engineer, Frank J. Seiler Research Laboratory, when work was
f completed.

% S e : Iy - Ly send A AT 4




F1.

LEE-
IV.

Table of Contents

List of Figures =-==--=mmmmmm oo ii

Abstract —-====-- = e 1

Introduction =~--===memmm e e m e mm oo
Problem Statement =--=====-=ccmmmmmec e
Control Law Development --=----cecmcmcccmcmmm oo mm e
Ideal Aircraft Model -—-------cmmccmcc e emmmmm e
Simulation ReSUTtS —-=--mmmmcmmm i cce e e e e
References =--=-=---------mmmmccememmmmm e eo— oo ce-o—e-——-ses—oo-
Appendix A. Equations of Motion ----=ecreccomccacooccconanocanace-
Appendix B. Model Following Program, Part 1

Appendix C. Model Following Program, Part 2




List of Figures
Page
€ase | Aircraft Responses in VeloCity —=--—rrrers—rrre-crsce=nracnas 15
Case 1 Aircraft Responses in Angle of Attack =~—=rer—=racremeonarense 16
Case 1 Aircraft Responses in Pitch Rate r~srvnscssrrosrmsonsmmesenmes 17
Case 1 Aircraft Responses in Sideslip Angle ~—---==rressmsoconmsnsnee 18
Case 1 Aircraft Responses in Roll Rate »e--es-s=-semsmeucravemenmnnn- 19
se ¥ Aivcraft Respanses i aw Rate  ——ccc - cror e oo a 20
Case 1 Aircraft Responses in Bank Angle ~-~—r=ssccmrccvcsnanemmmnar= 21
8. Case 1 Aircraft Responses in Pitech Angle ==-s=--==--~———c-r——ccsca=r 22
Case 1 Closed Loop Elevator Defillection ==--==-s-=r-=-ccr—rocosasnmac= 23
1$e 40 lTesed Logpiiale vons Defille et == s — e s m e e s e e e e s 24
11. Case ¥ Closed Loop Rudder Deflegfign —---=s-rrsecrmsrascnmmrromunsnens 25
Probabilities Vs TiMe --=m=cemmcmceecmcceeecce e ccm e mm e mm e mmm oo m = 26
Case Z Aircraft Responses in Pitch Rate ------s-scemcommmemmrcncorons 27
14. Case Z Aircraft Responses in Sideslap —=———=-==-=—=c=——ce=cseeccacec 28
\ircraft Responses in Roll Rate ---------- e bt 29
1 craft Responses in Tow Rale ~--=ssccinsssncsconsmmnmannnss 30
raft Responses in Bank Angle ———--—cc-ccc-cmc-c-cmosc-~an=s 31 ‘
! ase 2 €losed Loop Elevator Defillection —=s=-=-c-r-mc=coccsacrcuaamanse 32
}19.. Caseng Closed Logp Adleron Defilecbion ==s=-=s-=—-==-—=t—sc—=——=s=s=c=s 33
20. Case Z Closed Loop Rudder Deflaciion «~=s<amcmsumcsncnncsnoosncnacann 34
; Standard Deviation of Velocity ===-==-===-=sce-eccmcmcommcoaaacannan 35
22. Standard Deviation of ‘Angle of Attack ==s-s=-=smoccctucccuccvaancacac 36
23, Standard Deviation of Pitch Rate —=---=—=——===ccc=csccc=—s-c-saasc=cs 37
£ 2 Standard Deviation of Sideslip --===eccemcccccccccncccancccncccnnccae 38
S Standard Deviation of Rol1l Rate =--=m==m=m=m=mcocmmccmccccmmeaaane 39
: Standard Deviation of Yaw Rate ------e-cc-ccccccccccccncccncancannn- 40
27. Standard Deviation of Bank Angle ---==-=-=---=-c-c-cemeocmcococaooaa- 41
ytandard Deviation of Pitch Angle =-=~--=-cc=scsccccccconccocoracacas 42

ii




Abstract

High angie of attack flight control is of utmost importance to military
aircraft in air combat maneuvering. Flight in this regime has in recent
years caused many high performance aircraft to be lost due to departure of the
vircratt. The aerodynamics in this regime are highly nonlinear. The problem
15 compounded by the fact that the aerodynamics are not well known. This
paper considers the use of adaptive control in order to perform model following
of an "ideal" aircraft in the presence of uncertain aerodynamic coefficients.
[n particular, the partitioning approach of adaptive control is extended to
the implicit model following problem. This is then used to solve the problem
of nigh angle of attack flight control. ,

I. Introduction

High angle of attack flight may cause undesirable aircraft dynamic ]
~esponse. This dynamic response has been the cause for the loss of many

' hiigh performance swept-wing aircraft due to stall-departure problems. Air-
craft departure can be defired [1] as an uncommanded and/or uncontrollable
/mamic response of the aircraft. It is manifested as either a divergent

i1ing-side slipping oscillation of large amplitude, i.e., wing rock, or a !
large rapid yaw genevally followed by a rapid roll, i.e., nose slice. For
' cxample, reference [1] documents a simulation in which an A-7 airplane in a
turn at high angle of attack flight exhibited nose slice with a yaw rate
buildup of approximately 65 deg/sec. In an actual flight this would have
caused a spin from which the probability of recovery would have been low.
When this condition is ercountered, it is unanticipated and the pilot is under
physical and mental stress; the aircraft and pilot will most likely be lost if

departure occurs during combat and certainly will be lost under 15,000 ft

11 titudes regardless of spin recovery characteristics [2].

The importance of departure led to a symposium at the Air Force Flight
Dvnamics Laboratory in 1971 on AFFDL Stall/Post Stall/Spin Symposium. Since
then many articles have appeared in the study of departure [1,2,3,4,5].
{umerous studies have been made to identify the aerodynamic coefficients in
nigh angle of attack regime. Reference [6] is a complete study of this.
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However, in order to collect real time data for proper identification, it is
necessary to subiect the aircraft to divergence. Wind tunnel data, although
valuable, still have residual errors due to differences in unsteady flow
between the wind tunnel and the actual flight condition. It is desirable to
accurately have knowledge as to the coefficients for control purposes; in fact,
it 1s necessary.

This paper considers the control of aircraft at high angles of attack in
the presence of uncertainty in the aerodynamic coefficients. In particular,
the nonlinear equations cf motion are linearized about a given flight condi-
tion. The nonlinear aerodynamics are included in the model. An ideal aircraft
model for the given flight condition is developed. This ideal model varies

with changes in flight condition. An adaptive implicit model following control
law 15 developed in order to keep the actual aircraft close to the ideal
ponse.  Uncertainties in the aerodynamic coefficients are eliminated by

adaptive estimator.
This paper is divided into five sections. The next section contains the
problem statement. Section III gives the development of the control Tlaw.
¥ Section IV contains a discussion as to how the ideal model for the A-7 was
n. A different aircraft may have a different "ideal" model. Section V
ins simulation results for the A-7 aircraft using the control law in the
ction VI yields the conclusions.

' I[I. Problem Statement

The equations of motion of an aircraft linearized about a given angle of

; attack, «_; Euler angles between gravity oriented inertial axis and aircraft

& hadyv : - ) . 1 . itd

: body axis po* Ro* Yo the flight path angle, T angular velocities, Py 99°
4 and r_; nominal forward velocity, Uo; sideslip angle, Bo» and given as

x = A(uy,t)x +B(u,,t)u
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where u is the perturbed total linear velocity; a-ag is the perturbed angle
of attack; p. g, and r are the perturbed angular velocities; B-8, is the
perturbed sideslip angle; up—epo is the perturbed pitch angle and R is the
roll angle. The controls are assumed to be deflections in elevator, 6e’ in
aileron, &a, and in rudder, GR. The matrices A and B are given in Appendix A
as well as the definitions of u, and u,. The parameter vector u; and u,
contain the aerodynamic coefficients which are assumed uncertain except for an
v priori probability density function. The coefficients are assumed constant
over the time interval that the linearization is assumed valid. The time
fependency of the A and B matrices depict the temporally changing lineariza-

tion.

[t is assumed that a noisy measurement of the states is available, i.e.,
e Cx + v (2)

f T

where v is zero mean white noise with covariance Elv(t)v(r) E = VRé(t-r) and
is defined in Appendix A.

From Equation (A.2 ), it may be noted that the longitudinal and lateral
wades of the aircraft are highly coupled. Furthermore, as may be noted by
exnansion of the equations of motion, there are many destabilizing terms in
the equations.  Consequently, it is an extremely difficult multivariable task
for the pilot to prevent departure at high angles of attack. This is especially
true in ailr combat maneuvering as the physical and mental stress occupies the
pilot's attention. Thus, it is desirable to obtain a closed loop control law
whnich will prevent departure. One method is reported in [5] where the author
develops a feedback control to eliminate perturbations about a nominal trajec-
tory for a deterministic system. The approach in this paper is to design a
‘eedback control Taw based on model following of an ideally responding air-
raft. The advantage is that the model following control more closely gives a
control law that will yield a desirable response. Thus, for example,
decoupling of the yaw-roll problem in nose slice may be approximately obtained
by placing this feature into the ideal model. The destabilizing terms may be
compensated by use of the model. The adaptive control law will compensate
for urcertainties in the aerodynamic coefficients by real time learning. The




development of the ideal model will be explained in Section IV with a specific
example given for the A-7 in a particular flight condition. The form of the
model is

z = A (t)z (3)

where the time varying A matrix corresponds to the ideal model changing due
to the different flight conditions. Since implicit model following [10] is to
be accomplished, the performance index is taken to be

£
e [(‘f f[()'lo 3 AmyO)TQp().’o 8 Am‘yo) + uTRpu]dt: (4)
t
9

where ¥ is the output vector (not to be confused with the measurement vector)

y. = CXx (5)

where CO is a time invariant distribution matrix and ¥ is a general term

since x and z may not be of the same dimensions and where R_ weights the

control surface deflections and is a positive definite matr?x, Qp weights
excursions from the model response, and tf is chosen as the interval over which
the linearization and constancy of the aercdynamic coefficients are assumed
valid. The optimal control would fall into the class of dual control problems.
However, additional uncertainties in the model other than those accounted for,
unsteady flow problems, as well as the survivability dictates that the dual
control may not be used. This is because additional control responses due to
the identification aspect of dual control may, because of additional uncer-
tainties, cause an extremely undesirable response leading, perhaps, to an
aggravation of the divergence problem. This may in an extreme case lead to
the loss of the aircraft. Thus, an adaptive open loop feedback controller

will be chosen. There are two major techniques that may be used. The first

in reference [7] yields the optimal open loop feedback controller for the
problem with uncertain parameters. The computational burden of the technique
is larger than the second technique of [8] even though it will lead to better




performance as it is an ortimal technique. Since optimality certainly must,

5 in this applicatior, include computational burden, the technique as given in
[8] will be extended to the model following problem.

The partitioning technique as in [8] consists of using a control Taw

found by solving the p-conditional control problem and then weighting the p-
conditional control with the probability density of u conditioned on the
measurements. The technique includes the measurement conditional probability
density function for p in tne solution for the control gains. This yields the

i
|
|
E |
i
i

optimal open-loop feedback control solution, but it has the disadvantage that
the equations for the control gain differ at each measurement. In this paper
a control law with as little computational burden as possible consistent with
the uncertainty problem and good performance is desired. Consequently, the
rtitioning algorithm will be chosen as the adaptive control method in this

paper.

ITI. Control Law Development

The solution to the partitioned adaptive control model reference problem
v be found by using state augmentation techniques The new state ¢ is

STV P I ey

lefined as
] i IR
gT =8 e Zi ] |
This yields a state equation as ?
c = Rlu)z + Blu,)u (6) |
where K
2 A(ul) 0
Alu,) = ]
0 Am }
and |
T
" B(u,) 11
B(u,) = :
0 :




The performance index may be easily rewritten as

t

3 = {:J(. f[xTﬁ(“l)x + 2uTs(ul,u2)x + uTﬁluz)U]dt; (7)

4 G
, 0

where

Quy) = [CAy) - Amco]Top[cko Aol

S(u,5,) = B, Teg T [CAln,) - Anc, ] (8)
Rlu,) = B(n,)TC,TQ CBlu,) + R

[hus, it may be noted that the integral under the performance index as
well as the system dynamics are functions of u, and My

The partitioned adaptive control law may be found by solving for the
deterministic control gain conditioned on y; and u,, for the u,, u, condi-

- tional Kaliman filter estimate, i(t:ul,p?,wt), and for the conditional density,
Y¢) where Y, = fy(z),tO:iT:;t}, and using as a control
)
u(t) =J/‘ K(tlul,uz)i(t[ul,uz,wt)p(ul,xzth)dulduz. (9)
Rs Ry
' e
If u, and u, are defined over discrete ranges, then equation (9) may be re-
written as
g By R,
u(t) = 25 Do Rltluy oy IRty ouy Yy)
i=1 j=1

(10)

where P_((-)) denotes the probability of the event (:). The control gain may

be determined by the solution of the u,. and My, conditional deterministic
J

g

problem, 1.e.,
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v | y - T
K(t_i., _,L’:)‘) = -f (;“Jj) llS(Uliauzj) + B(UZJ) P(Uliﬂlzjat)] (.I])

where ;

with final condition

P(u) . ou,.ste) = 0, ViLg.
1375235
The filter equations are the standard Kalman equations
x(thsli,uzj,Yt) = A(uli)x(t[uli,uzj,Yt)

+ Bu, Kty ouy ))(t]uy suy, Y 13
(sz) ( Iy uzj)x( luli Haj t) (13)

+ KG(tlUli ’UZj)[ym ¥ Ci(tluli aUzstt)]

with

where

-
KG(t|u1§) = V(tluli)C VR 1 (14)

TR TR e o T B W T




N1ED
v/ P = T
V(tlu, ) = Al V(e L) + V(] )A(w, )
L i 1 1y
(15)
- V(e evit], L)
lpli R ) Uli
1= 1200 eaty |
3= 142, 2%, i
|
|
Vitgluy ) = V(t) |
nditional probability density function for P and uzj may be computed f
.»!
Al =
P’\Uliauzj:Yt) i
g Pt £
L T, -1 r bl 2 |
r ’(.j X \t}Ul )Uzj’Yt)C VR .ym(t)dtf IICX(t|U1_iaU2J.’Yt)H ’ -ldt‘
: A b >
L - { /'t - t A 2
‘ L 2 Pl DP(u, Jexp) g x(t{“l-’”z-’Yt)cTVR 1y(to)dt:/' }}Cx(t]ul_,u2,,Yt)|| _1dt)
) J l"+ 1 J t 1 J VR i ‘
0 o
(16)
1= 1,2,00.58
J= Fsdyeensdy
! where P(yu..) and P(sz) are the a priori probabilities for My and u, ., respec-
- “ively. Tne cinulations use the proper discrete form of the equation as in
refe rence fg!

The procedure 15, thus, to first obtain a set of linearized equations

: the linearization is taken over the current flight condition. This
Tinearization must be updated frequently as the changing flight regime may

» irastically change the dvnamic response. It is assumed that over a given time
i riod the aerodynamic coefficients are constant. This assumption is valid




b

"

over the same region that the linearization assumption is valid. However, the é
rodynamic coefficients are not exactly known. It is assumed that the uncer-
tain coefficients are defined over a discrete range. This procedure defines
the linear equations as in equation (1). The ideal model which is dependent
n the angle of attack and sideslip angle is utilized along with the measure-
ment equation as in (2) along with the determination of the output equation (5)
in order to define the remaining equations for dynamic response. The control
weighting matrix Rp and model matching weighting matrix Qp must be determined.
The final time, te, must be determined. This is the maximum time that the
linearization will be assumed valid.
Thus, all the equations necessary for control law design are now assumed
to be available. Equations (13-15) are used to obtain the u, and u, conditional
tate estimates for the aircraft state. This is used in equation (16) to find
ne probability of each u, and u,. The control gain as in (11) is calculated,
and the control is determined from equation (10).
An approximate law may be obtained by finding the steady state gains K
and the steady state Kalman filter and using these in the control computations.

V. Ideal Aircraft Model

This section uses the equations for the A-7 as given in Appendix A in
order to discuss the reasons for departure of the A-7 and in order to yield an
deal model with better response in the high angle of attack regime.

The equations of motion for the actual A-7 are given in Appedix A. They
are formulated using wind axes and the aerodynamic derivatives are evaluated
1t a prestall flight condition of gy = 19 deg and By ® 6 deg. The incremental

change in rolling moment L% and in yaw moment N% are calculated by

L5 Li+(1xz/1x)Ni
¢ = F—rey
i 1 (Ixz/Iny5
and (17)
N Ni s (Ixz/Ix)Li

f "V =TI i 1.}

x2' "x'y




where i denotes the particular state variable and where Ix and Iy are body
axes moments of inertia, IXZ is the respective cross product of inertia, and
L. and N, are the aerodynamic moments about the conventional aircraft body

axes. As mentioned in reference [1], the major coupling which affects depar-

+

ure for the A-7 is provided by the kinematic terms

~N
i

B 0
D 0 cos ao

and (18)

~N
il

R i
r = Bg S8y,

(see equation A.2 ), and the aerodynamic terms LL and N&. The kinematic terms
arise due to the rotating coordinate system. The aerodynamic terms L; and N;
as well as L' and N' are given as functions of a and 8 in Figure 9 of reference

bl T the’reaime)of o (the stall angle of attack) these aerodynamic

stall
terms change sign and, therefore, an aerodynamic term stabilizing at small o

can contribute to the tendency for departure at high a.

; The A-7 has a typical nose slice departure. The influence of the main

R | aerodynamic derivatives on thic departure is discussed at length in reference
[1]. Therefore, in the following, only points pertinent to finding the ideal
model are discussed. This discussion is based upon many simulation runs as

well as physical insight.

The infiuence of the "effective derivatives"

~
i

D BO cosS ao

and (19)

»
~N
i

" 60 sin ag
is not a major influence on the ideal model. Consequently, the ideal model
contains these terms in their original form. In some of the simulations they
re zeroed and the results were not changed significantly.
For static lateral stability in yaw, Né should be positive. Figure 9 in
reference [1] shows that a negative Né can be expected for an angle of attack
jreater than 17 deq. For a flight with high angle of attack and small side-

LS 10
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, N~ 0 will increase the sideslip angle and will, therefore, increase N;
‘ch is. in the high angle of attack, always destabilizing. The result is

high yaw rate of the aircraft.

For static lateral stability in roll, Lé should be negative. This means

1

0sitive unwanted bank angle (right wing down) will induce a positive
» which causes a negative rolling moment with a decrease in bank angle
result. A negative L' and a negative L; are the primary reasons for

arture of the A-7 after a rapid yaw. The L; is negative if o > 23 deg and

v 11

A
1C]¢

nagnitude increases with sideslip.
he desired model for implicit model following was obtained with several
‘nomind.  The terms in the state model were chosen with the following
The yaw moment due to sideslip should be positive, N) > 0. This
locrease the sideslip and therefore the destabilizing infﬁuence of L; and
: roll moment due to sideslip should be negative, Lé < 0. An artificial
rol]l stability (LQ < 0) was introduced instead of the "natural" static
tability (L' 0) which can contribute to departure.
model was chosen with the above criteria satisfied. Simulations were
fed to help choose and to verify the model picked. These were compared

ictual A-7 in the same flight regime with significant improvement. The
matrix chesen for the flight condition about ay = 19° and Bo = 6% is
[~0.0632 -22.68 0  -5.766 0 0 3.187  -32.024 |
-0.0009 -0.323 1.0 0 -0.0995 -0.0338 0 0
0 -3.577 -0.386 0 -0.0082 0.0025 0 0
0 0.0122 0 -0.7062 0.3216 -0.9469 0.1166 0.0129 | (20)
0 0 0 -1.0 -0.849 0.3323 -0.5 0
0 0 0 1.5 0.0193 -0.1276 0 0
0 0 0 0 1.0 0.3397 0 -0.0116
0 0 1.0 0 0 0 0.0104 0 -4

he available controls are aileron deflection, elevator deflection, and
r deflection. The thrust is constant over the flight.

[he next section yields the results.

1




V. Simulation Results

The contrc' law was used to find the adaptive implicit modei following
law f the A about the k. 3 199 and By " 6° case. The model used is
detined in equation (20). Measurements of all the states corrupted by white

;e were assumed available. The standard deviations for the measurement
» are as follows: velocity perturbation, 1.25 ft/sec; angle of attack
perturbation, 0.005 rads; pitch rate, 0.01 rad/sec; sideslip perturbation,
0.005 rad; roll rate, 0.01 rad/sec; yaw rate, 0.01 rad/sec; roll angle,
0.005 rad; and pitch angle perturbation, 0.005 rad. In each figure for this
case, the nomenclature A-7 corresponds to an open loop (6e " "N 0)
imulation of the A-7 with an initial yaw rate of -10 deg/sec. As is shown
~ference [1] a contro) input typical of an actual pilot response does not
control the departure. The nomenclature MO corresponds to an ideal model
which the control is calculated to follow, and the nomenclature MF corresponds

to the actual A-7 response with the closed loop control calculated in this

wer. Equal control weighting was used.
[t is assumed that the coefficients L;, N& and Lﬁ are uncertain. These
fficient ave a major impact on lateral directional stability. The true
lue of the parameters were 3.09, -1.486, and -0.849, respectively. It was
smed that the possible parameter vectors, {L&, N;, Lﬁ}T, were 1.9, 1.45,

1.0, 0.55 and 0.1 times the true values. That is, the possible parameter set
was contained within a set of five possible values. The adaptation took
place on these three aerodynamic coefficients.

Figures 1-8 show the radical difference in response using the control
law derived in this paper. The actual A-7 shows a buildup of roll rate
(Figure 5) followed by a rapid increase in bank angle (Figure 7). This type
of behavior can indeed cause the loss of the aircraft. The responses using
the closed Toop control show that divergence is prevented. The response is
very adequate using this control. Figures 9-11 show the control deflections
required for divergence prevention for this lateral directional case.

Figure 12 shows the probabilities of each parameter being the true
parameter. 1t takes less than 1.75 seconds to adapt upon the correct param-

eter with probability 0.8.

2
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Case two was chosen to show the coupling between longitudinal ind lateral
dynamics. This case starts with a 5 deg/sec pitch rate initial condition
(Figure 13). Figures 14-16 show a buildup in the A-7 response in the lateral
modes due to the initial longitudinal pitch rate initial condition at the
nigh angle of attack regime. Figure 17 vividly depicts the buildup of bank
maole as the aircraft goes into departure without the control law used. These
figures also show that with the control law applied with deflections in

lqures 18-20 that the aircraft is prevented from departure. The control

aws in essence yield a soft decoupling of modes while controlling the air-

Figures 21-28 show the standard deviations of the estimation error for
each of the conditional Kalman filters. The true parameter is number 3 in
e figures.
Several additional simulations were conducted with different flight
conditions as well as noise sequences. Each result is very similar to these

ical results.

VI. Conclusions

) The control law and philosophy of flight control developed within is
shown to be an excellent method of divergence prevention in the high angle of
attack regime. The control laws found by finding steady state gains for the

filters as well as the control gains may be readily implemented along with
the probability estimator for uncertain coefficients. The control law was
simulated in detail and shows excellent promise for control in a dangerous
flight regime.

The model development philosophy points out many key problems in the
high angle of attack regime. This information of itself is valuable.
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APPENDIX A
Equations of Motion

The equations of motion for the aircraft are

where

.
. oAb

and

=

x = Ax + bu

0
-80 coS ao
-r ()
-pgl )
sin "LO
Ll
p
N'
p
+1
0

43

0
-8051na
. { )

0
-Pol )
=COS ao
Ll

r
Nl

r
tan eo
0

¢)
g[ocosoo

D

U 0

(A.1)
-gCOSYo
0
0
LB— EOS'InY
0
0
rO
COSZO0
0
-
(A.2)




a2

Zg /Y, 0 0
M, 0 0
i
Vs Vo 0 i
B P 1 Ly (A.3)
) N ] N 1
N5e Sa iy
0 0 0
0 0 0
0 0 L

L is the perturbed total linear velocity, U0 is the
free stream velocity, Ks is nominal yaw rate, Po is the nominail roll rate, g

with the state vector as given in equation (1) and where Xis Y

expression for a( )/a

is gravity, M. is aM/51, ¥g is the flight path angle, and se, &a, and ér are
the elevator, aileron and rudder deflections, respectively. The aerodynamic
coefficients may be found in references [11, 12].

The values for the matrices about the a, 8 point chosen for the simula-

tions are
—:.0634 -22.68 0  -5.766 0 0 +3.187 -32.024 |
-.00087 -.323  +1. 0 -.0995 -.0338 0 0
0 -3.577 -.386 -.9x10°7 -.00818 +.0025 O 0
0 +.0122 0 -.1062  +.3216 -.9469 +.1166 +.0129
A = (A.4)
0 +3.09 0 -4.45 -.849  +.3323 0 0
0 -1.486 0  -.1885  +.0193 -.1276 O 0
0 0 0 0 +1. -.3396 0 -.0116
| 0 0 +1. 0 0 0 +.0104 0 |
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-0.1025 0 0.698

-0.057 0 0

-2.92 0 0

-0.0037 0 0.0255

B = (A.5)

-0.292 0.431 1.4

0.1095 0.031 -0.998
0 0 0
0 0 0

2 ]
For the C matrix in the measurement equation (compare Eq. 2, p. 3), a
unit matrix (8 x8) was used in the simulaticn.
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APPENDIX B
Model Following Program

-Part 1-
Control Calculations and Flight Simulations

1. Important Parameters

INT(1): - not used

INT(2): (Case) open loop, ramp 8

close loop O » 8as step 0.

1

2

3: as case 2 &u > 8t

4: open loop r(t=0) = -10 deg/sec
5

open loop q(t=0) = 5 deg/sec

INT(3): MODE -2:

run preparation
0: simulation run
+1: end of simulation

INT(4): NO A7, MO & MF simulation
MO & MF simulation

MF simulation

A7 output file

MO output file

MF output file

NF

wWw N~ W N -

INT(5): A7 derivatives const

- O

nonlinear simulation (in older program version only)

. A

INT(6): KEN 0: first call of several subroutines
not first call of several subroutines

INT(7): THALF max number of bisections of the initial time incre-
ment in x - calculation

INT(8): - not used

INT(9): - not used

46




INT(10):
R(1)

R(2)

-
-

XM

DELTIM

nct used
runtime
time interval for new control calculation

weight of control

integration time for Riccati equation

time increment of integration (Riccati equation)

47
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Flow Chart Program, Part 1

Time interval
simulation of
A7, MO and MF
MO and MF

M

INPUT

A7: Aircraft A7
MO: 1deal Model

MF: A7 with Model Reference Control

r
|

L _ 4 Task: Input Ag-Matrix for Model
i
=

Different Cases see Important
Parameters

y(6) = -10./57.3
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T

Subroutine |
GAUSS

M

X

o CY + Vn

r

= eneration of Noi
4 t f Noise vn

L

r

Subroutine

{ Calculation of Model

-

CONTROL ) Reference Control
‘ L
r_paicu1ation of ¥ = X
Subroutine I with Subroutine FCT
RKGS ~ = =1 and Subroutine QUTP
I Start at DAT(20)
1 | £nd at DAT(20) + DELTIM
L
no
yes
INT(4) = INT({4) +1 INT(4) Simulation
] A7
- 2 Model
3 Model Following
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Subroutine
INPUT

Display
AM
Matrix

r
— — Ap Matrix of Model
L

‘ RETURN )

Input
Change
AM
Matrix

Change of value
in Row (R) and Column (C)

0 next column
0 end of changing

If R
If C




G

1A=
I

SUMP(1) =0

ﬂl

Subroutine
CONTRL

SA(13)
SA(14)
SA(37)

f(A13,1A)
f(A14,1A)
f(A37,1IA)

wonon

y

Subroutine |
SUBCON

|

Control
Calculation

L

UAR(I,IA) = UM(I)

1 IA=IA+1

yes

UM(N) = UAR(N,IA)

UMP = UM * PR

SUMP(N) = SUMP(N) + UMP(N)

E

?

i

|

E ; .

E no

’:'mﬂgﬁl-.ﬂ-ﬂmuﬁ'ﬁhﬂ.wnWHMGﬂm~ﬂwx.*

51

NPT | PN % A

Output
T, Y- PR, N

KEN = 1

S
RETURN




Subroutine
SUBCON

ENTRY

Subroutine
RKGS

_J Calculation of P with
T Subroutine RICCAT
and Subroutine RESULT

L
5 r
Subroutine I Calculation of
KBARUP e K
L
r
Subroutine I Calculation of
KALMAN ™~ 71V, X and K6
L
UM = KX

( RETURN )




s i i . B e i 4ot b

Subroutine
KALMAN

< ENTRY )

Subroutine
KGSUB

Subroutine

ENTRY

Subroutine
RKGS

r
ol

X
y Calculation

=

RETURN

r

_ I Caiculation of V
1 and KG

t=

Subroutine
XHATSB

- ’
i Calculation of X

™7, with Subroutine RKGS,

< RETURN )

; Subroutine XHCAL (X=...)
Land Subroutine XHRES
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Subroutine

KGSUB
ENTRY
es
no
r
" | _ _ i I.C. - Values for
V(8 * (I-1) +1) = SIG(I) I Diagonal of V
{ £
-
h | Calculation of V with
Subgzg§1ne — — — = Subroutine VCAL (V=...
L and Subroutine VRES
_ e =1
KG = VC VR

( RETURN )
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5

Subroutine

FCT
ENTRY
Se, éa, éR, L 0
Mode = 1 J
CASE |
e e e 4

-
LASE ; | only used to find
j { ideal model

v Case T ¥ s
5: Case 2 | M texi

GETO-OC

Y = AY+BU

-
Nl RETURN




Subroutine
PROB

ENTRY

1

A(T)

A(I)-DA
NA+1

L yes
N =1
-
XHT (N ) XHI(N,I) 1 Compare
—— -1 Subroutine
b ' XHRES

_*

PR Calculation
PR = f(A, NA)

ARG(T)
ARGA{I)
A(1)

DIF = X C V Y -CX

<)

DIF AT + ARGY
ARG(I)
ARG(T)
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3. Program Comments and Source Listing

The variable names correspond clesely to the notation in the text.
probability density function (compare Ecuation 16, page 8) was calculated

(with P(pzj)= 1) in the following way (short notation):

.\ A(T)
(i) = T"Lu_e___'_
p(3)e?ty)
a=1
with
-k
- 4 G ) g t 12
A—j X'clvg Tty dt f ||C)\|,V_ldt
t, t, R

t t

o Sl Ty =1 el Ty =g

—f Kclv, Ymdt—f Klelv. ek ae
tO tO

t
bl oliwliop =1 %
f RTeTv 1y _-ck) at

%

To prevent overflow for longer simulation time

A(i) = An(i) + n(i) D,

Da = const, An < 87,0

was introduced. Therefore,

with
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.
b

and

Ay = A(3) - A () + (n(3) - n(i)) D,
The program writes the results on the disk.

File name:

FOROO1.DAT for A7

FOR002.DAT for Ideal Model (MO)

FOR003.DAT for Model Following (MF)

The following pages show a typical dialog.
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1. Program Control

NO

APPENDIX C
Model Following Program

-Part 2-

Graphical Display of Results

The program was controlled by input of a number (NO):

Output

~N OO O BWw N -

perturbed total velocity

perturbed angle of attack

pitch rate

sideslip angle

roll rate

yaw rate

bank angle

pitch angle

elevator deflection

aileron deflection

rudder deflection

throttle (thrust)

probability and standard deviation
as 1 to 8 with measurements (noise)
end of program

89



low Chart Program, Part 2

{ START )

Start. Preparations
and
Reading Simulation-
time

3

Subroutine
CONTRL

r-lnput NO and
Max Value

b of Output

-

i RIS 2o TS DA W ™ 3 T,

no
Subroutine J Drawing
AXIS e — —{ of Axis
i
3 p id
sub tine | Y‘C?VT es
9e ;g;T1n — — =, Axis Labels
e
T r
Subroutine | Draws
CURVE = 71 Selected Curve
=
90




v

AD=AO41 436 FRANK J SEILER RESEARCH LAB UNITED STATES AIR FORCE ==ETC F/6 19/%
HIGH ANGLE OF ATTACK FLIGHT CONTROL USING STOCHASTIC MODEL REFE==ETC (L) .
- MAY 77 R B ASHER* D GOEBEL
UNCLASSIFIED FJSRL=TR=77=0010

e 2 END
DATE
FILMELD
=71
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\
. An

®

no

yes

Subroutine
CONOUT

-
| Prepares with subroutines
'AXIS, TEXT and CURVE2

- — ! the diagrams of

| probabilities and

Lstandard deviations

o
| Prepares with subroutines

Subroutine
MESSUR

| CONTRL, AXIS, TEXT
| ' CURVE and CROSS
| the diagrams of the

( STOP )

g

- ',‘ . S——
B e T R B B

| noisy measurement
of states
=
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